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ABSTRACT
Connections between the tropical and midlatitude Pacific on decadal timescales are examined using a 137-yr
run of a fully coupled ocean–atmosphere general circulation model. It is shown that the model does a credible
job of simulating both ENSO-scale and decadal-scale variability, and that there are statistically significant
correlations between the midlatitudes and Tropics on decadal timescales. Three physical mechanisms linking
the regions are examined: 1) Oceanic advection along isopycnal surfaces from the midlatitude subduction regions
to the Tropics, 2) coastally trapped or Kelvin wave propagation between the Tropics and midlatitudes, and 3)
near-simultaneous communication between the regions affected by changes in the atmosphere. It is found that
communication via the atmosphere explains the strongest correlations found in the model. Further evidence is
presented that is consistent with the idea that midlatitude sea surface temperature anomalies drive changes in
the trade wind system that alter the east–west slope of the tropical thermocline, thereby effecting decadal-
timescale changes in ENSO activity.
1. Introduction
Midlatitude Pacific sea surface temperature (SST)
anomalies vary on decadal timescales (Namias 1969;
Namias et al. 1988; Nitta and Yamada 1989; Trenberth
1990; Graham 1994; Trenberth and Hurrell 1994). This
variability is important in human terms, as it is signif-
icantly correlated with wintertime weather variability
over North America (Latif and Barnett 1994, 1996).
Tropical Pacific variability associated with ENSO un-
dergoes changes on decadal timescales as well (Wang
1995; Goddard and Graham 1997). This raises the ob-
vious question of whether the decadal variability in
these two regions is related.
In this paper we examine a 137-yr run of the ECHO-2
model (Frey et al. 1997; Venzke et al. 2000), a fully
coupled, ocean–atmosphere general circulation model
(O–AGCM). Our goal is to identify the physical mech-
anism causing the strongest interaction, on decadal time-
scales, between the tropical and midlatitude Pacific. Our
use of the model in this context is to provide a surrogate
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dataset that is uniformly sampled in time and space over
nearly a century and a half, a dataset that is not available
from observations.
The question of midlatitude–tropical connections has
been addressed by several studies, both theoretical and
observational. The idea that tracers are injected onto
isopycnal surfaces at the latitude of the wintertime out-
crops (Stommel 1979), and that the thermocline is com-
posed of these ventilated layers (Luyten et al. 1983),
provides a theoretical context for the idea that the re-
gions are connected by oceanic flow along isopycnals.
The tritium studies of Fine et al. (1987) showed that
such transport can be found in the real oceans; the details
of the tracer field near the equator were shown to be
consistent with the Sverdrup circulation by McPhaden
and Fine (1988). Deser et al. (1996) traced observed
North Pacific thermal anomalies along these isopycnal
paths to at least 208N, which raises the possibility that
the climate of two regions might be connected by this
mechanism [although Schneider et al. (1999) concluded
that the response equatorward of 188N is due to local
forcing].
McCreary and Lu (1994) and Liu and Philander
(1995), using ocean GCMs (OGCMs), illustrate several
aspects of the three-dimensional tropical circulation, in-
cluding model depictions of how subtropical wind stress
influences the tropical thermal structure via the propa-
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gation of anomalies along the ventilated isopycnals. Gu
and Philander (1997) extended the isopycnal advection
idea to a theory in which such anomalies play a key
role in generating decadal-scale climate variability. Es-
sentially, advection along isopycnals provides a decad-
al-scale delay, while amplification of advected thermal
anomalies that reach the surface in the Tropics keeps
the oscillations self-sustaining in the presence of noise
and dissipation.
The idea of a tropical–midlatitude connection via
wave propagation was addressed by Lysne et al. (1997),
using an OGCM with climatological forcing in the Trop-
ics and data assimilation in the midlatitudes. They iden-
tified a connection between the Tropics and midlatitudes
effected by the westward propagation of midlatitude
thermal anomalies as long Rossby waves to the western
boundary, then equatorward propagation as coastal
Kelvin waves. Connection via atmospheric processes
has been examined by Alexander (1992), Trenberth and
Hurrell (1994), Alexander and Deser (1995), Zhang et
al. (1997), Miller et al. (1997), and Barnett et al. (1999),
among others. These studies are frequently concerned
with ENSO timescales rather than the decadal timescales
of interest here, or they impose atmospheric conditions
on the North Pacific rather than using a fully coupled
system.
In this work we use data from the ECHO-2 model to
test several of these ideas of how the midlatitudes and
Tropics might be coupled on decadal timescales, in-
cluding isopycnal advection, wave propagation, and at-
mospheric interaction. All these mechanisms have been
suggested as important midlatitude–tropical linkages,
and all are present to at least some degree in the ECHO-2
model. Our purpose is to determine which one is re-
sponsible for the strongest decadal timescale linkage
when all are operating simultaneously in a fully coupled
system that has both realistic ENSO variability and sig-
nificant midlatitude decadal variability.
The paper is laid out as follows. Section 2 has a brief
description of the ECHO-2 model (a more extensive
characterization of the model’s climatology is given in
the appendix). In section 3 we describe the tropical and
midlatitude Pacific variability in the ECHO-2 model,
compare it to the available observations, and demon-
strate that the model has significant correlations between
activity in the midlatitude and tropical Pacific.
In sections 4, 5, and 6 we explore the ideas that the
connection between the regions is accomplished by ad-
vection of thermal anomalies along isopycnals, wave
propagation, and atmospheric connections, respectively.
We find that atmospheric connections dominate in our
solution. We discuss the results in section 7, including
the questions of the direction of causality, and present
our conclusions in section 8.
2. The ECHO-2 model
The ocean component of the ECHO-2 model is the
Hamburg Ocean Primitive Equation (HOPE) ocean
GCM, version 2.4, described by Wolff et al. (1997). The
model has 20 vertical levels, half of which are in the
upper 300 m. Horizontal discretization is on the Ar-
akawa E grid, which is diamond shaped; therefore, a
grid point’s nearest neighbors are not along lines of
constant lat–long, which should be kept in mind when
considering the resolution. The width of the diamond
is approximately 2.88 longitude; the height of the dia-
mond is 0.58 lat between 108N and 108S, increasing
smoothly to 2.88 lat poleward of 358N or 358S. Poleward
of 608, surface temperature and salinity are relaxed to
observed climatology; otherwise, there are no flux cor-
rection terms. The atmospheric component is the
Deutsches KlimaRechenZentrum climate model
ECHAM4 (Roeckner et al. 1996), run at T42 resolution
(approximately 2.88 lat 3 2.88 long), with 19 layers in
the vertical.
The ECHO-2 model is an improved version of
ECHO-1 [used in Latif and Barnett (1994, 1996) and
Schneider and Barnett (1997)], which coupled HOPE
version 1 to ECHAM3. Compared to the earlier version,
ECHO-2 has a more realistic Pacific equatorial cold
tongue, greatly improved tropical ENSO variability, and
a more realistic thermohaline circulation; these are result
of changing the advection scheme to one with less nu-
merical diffusion. Improvements in the atmospheric
model lead to a more accurate simulation of the ITCZ,
more realistic values of the surface heat flux budget in
the tropical Pacific, and improvements in the precipi-
tation field in the south Pacific convergence zone. A
more complete description of the model’s base clima-
tology is presented in the appendix.
3. Characteristics of the model variability
We will first show that the Pacific tropical and mid-
latitude variability in ECHO-2 is similar to that ob-
served and then demonstrate that there are significant
correlations between the decadal variability in the two
regions.
a. Tropical variability
Frey et al. (1997) describe the tropical Pacific char-
acteristics of a 10-yr run of the ECHO-2 model. We
will not repeat their analysis here, but merely note that
the longer run we examine (137 yr) shows that even
over multiple decades, the ECHO-2 model does a cred-
ible job of simulating ENSO-type warm and cold events
in the tropical Pacific. Figure 1, for example, shows the
leading empirical orthogonal function (EOF) of SST
anomaly for the ECHO-2 model and from observations
(da Silva et al. 1995). Both datasets have been filtered
to remove variability with periods shorter than 2 yr or
longer than 6 yr (i.e., to keep only ENSO-period vari-
ability). The area-weighted pattern correlation between
the two EOFs is 0.79. Both model and observations
show a strong tongue of variability in the tropical Pa-
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FIG. 1. Leading EOF of SST anomaly (a) for the ECHO-2
O–AGCM and (b) from observations. Data have been bandpass fil-
tered to include periods between 2 and 6 yr. Units are 8C, with the
principal component normalized by its standard deviation.
FIG. 2. (a)–(d) Time series of SST anomaly (8C) in the Nin˜o-3
region for the ECHO-2 model and (e) from observations over the
period 1965–95. The data have been filtered to remove periods shorter
than 6 months.
cific, which arises from the warm and cold events of
ENSO variability. One standard deviation of the tem-
perature variability in the model (0.88C) is comparable
to that seen in the observations (0.78C). Both model and
observations show weak loading in the central North
Pacific around 328N, 1708W, and in the central South
Pacific south of 208S, although the loading in the model
is weaker than in the observations in these areas. Com-
pared to the observations, the model’s variability is con-
fined to a narrower band about the equator, a charac-
teristic common to many coupled O–AGCMs (Mechoso
et al. 1995). Additionally, it shows less activity along
the west coast of North America than is observed, likely
due to the model’s inability to resolve coastally trapped
waves, as discussed in section 5. This model deficiency
should be kept in mind when evaluating the results of
that section.
A time series of temperature anomaly in the model’s
Nin˜o-3 region (908–1508W) is shown in Fig. 2, along
with observations from the period 1965–95 (e) for com-
parison. The amplitude of the events is reasonable, with
peaks in the neighborhood of 61.58 to 62.08C. The
model also undergoes realistic variability in its ENSO
cycles, with some periods (model years 15–50) con-
sisting of more or less regular warm and cold events,
other periods of relatively little activity (model year 55–
72), and occasional bursts of strong events (such as
model years 135–142). It is this ‘‘modulation’’ of the
ENSO variability, and how it relates to activity in the
midlatitudes, that is of interest here.
The spectrum of the Nin˜o-3 SST variability is shown
in Fig. 3 and confirms the visual impression from Fig.
2 that the model variability is characterized by slightly
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FIG. 3. (a) Spectrum of SST variability in the Nin˜o-3 region from
the ECHO-2 model and (b) observations.
FIG. 4. Leading EOF of SST anomaly for data filtered to retain
periods between 10 and 40 yr. Units are 8C, with the principal com-
ponent normalized by its standard deviation. (a) ECHO-2 model. (b)
Observations.
shorter periods than the observations. The model spec-
trum has a sharper peak between 2 and 5 yr, while the
observations have a (broad) peak between 3 and 6 yr.
The observed spectrum also has a somewhat larger tail
at periods out to 10 yr.
Overall, then, the ECHO-2 model does a credible job
of simulating ENSO variability, with an amplitude sim-
ilar to and a period only somewhat shorter than ob-
served.
b. Decadal variability
Decadal variability in the Pacific, unlike the higher-
frequency variability, is not confined to the Tropics but
rather has significant expression in the midlatitudes. Fig-
ure 4, for example, shows the leading EOF of SST
anomaly filtered to retain periods between 10 and 40 yr.
The corresponding plot for observed data is also shown,
using SST data over the period 1946–93 from da Silva
et al. (1995) combined with National Meteorological
Center (now the National Centers for Environmental
Prediction) data from 1994 to 1997. The high-frequency
cutoff of 10 yr (cycle)21 was chosen to avoid any con-
tamination by the El Nin˜o band. The low-frequency
cutoff of 40 yr (cycle)21 was included to remove any
possible contribution to the results from model drift or
the effects of slow changes in the model’s thermohaline
circulation, which the 137-yr run is too short to fully
resolve. The pattern correlation between the two EOFs
is 0.56, with discrepancies in the North Pacific subpolar
gyre and southwest Pacific contributing to a lower pat-
tern correlation than that seen in the ENSO band. The
model’s inadequate representation of the subpolar gyre
(discussed in the appendix) likely contributes to the er-
rors in the EOF in that region, as might the poorly
resolved coastally trapped waves (section 5). The rea-
sons for the discrepancies in the southwest Pacific are
not known.
In both the model and observations there is a pattern
consisting of a negative region at about 308N, 1708W
around which wraps a horseshoe-shaped region of the
opposite sign. The peak in the negative regions is similar
for the model and observations; the explained variance
is also similar between the two, with 38.8% for the
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FIG. 5. Time series of seasonal SST anomaly (8C) in the region
258–408N, 1808–1608E for the (a)–(c) ECHO-2 model and (d) from
observations over the period 1955–95. The broken line is the data
filtered to remove periods shorter than 10 yr.
FIG. 6. Squared coherence between SST anomalies in the tropical
and central North Pacific. The dashed lines show the levels of 95%
and 99% significance, based on the null hypothesis of independent
white noise; the gray lines show the 95% confidence limits.
model and 35.4% for the observations. Zhang et al.
(1997), using observed data and high-/low-pass filtering
with a break at 6 yr (cycle)21 find a set of patterns similar
to Figs. 1 and 4, and discuss the implications of the
similarities of the patterns.
The EOF has a negative lobe in the Southern Hemi-
sphere, making the overall effect roughly symmetric
about the equator; however, this symmetry is more ev-
ident in the observations than in the model, where the
negative loading becomes indistinct west of 1508W. The
observations have more positive loading off the west
coast of North America (about 0.38C for the observa-
tions versus 0.158C for the model).
The temporal character of the decadal SST variability
in the model is shown in Fig. 5. Plotted is North Pacific
SST anomaly averaged over the region 258–408N, 1808–
1608W, where the central Pacific EOF reaches its max-
imum magnitude. Both raw seasonal anomalies and
anomalies filtered to remove periods shorter than 10 yr
are shown. The bottom panel of Fig. 5 shows the same
data, from observations (da Silva et al. 1995), for com-
parison. Although the length of the observed time series
is too short for detailed comparison, it can nevertheless
be seen that the model variability is reminiscent of the
observations. The decadal-scale fluctuations have a peak
of about 60.58C in both the model and observations.
c. Tropical/extratropical correlations
In this section we will demonstrate that there are cor-
relations between longer timescale variability in the
Tropics and extratropics in the ECHO-2 model. To begin
with, note that the model and observed decadal SST
EOFs (Fig. 4) show that there are regions of high loading
in the central North Pacific, South Pacific, and Tropics.
A cross-spectral analysis of SST anomalies in the cen-
ters of loading in the tropical (08, 1608W) and North
Pacific (358N, 1708W) (Fig. 6) shows significant co-
herence in two frequency bands: 3–6 yr (the ENSO
band) and 101 yr (the decadal band), with a spectral
gap between the two. Both peaks are significant at the
99% level. The phase relationship in the decadal band
is not discernible from p radians; this indicates that
SSTs in the equatorial and central North Pacific gen-
erally have an inverse relationship, but that any small
phase shifts on top of this cannot be satisfactorily re-
solved by this technique. The origin and physics of the
decadal peak in the cross spectrum are the subject of
current research.
Time series of 10–40-yr bandpassed SST anomalies
in the tropical, central North Pacific, and South Pacific
regions of high EOF loading are shown in Fig. 7. The
simple correlation between SST anomaly in the North
and equatorial Pacific is 20.63; between the South and
equatorial Pacific, 20.65. The correlations are signifi-
cant at the 90% level (taking the number of degrees of
freedom to be 6, based on the autocorrelation function).
The correlation between the North Pacific and the equa-
tor is maximized at a lag of 0 yr; the correlation between
the South Pacific and equator is maximized at a lag of
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FIG. 7. Time series of 10–40-yr bandpassed SST anomalies (8C).
(a) North Pacific (solid) compared to equatorial Pacific (dotted). (b)
South Pacific (solid) compared to the same equatorial Pacific series
(dotted). Note that the equatorial Pacific series has been multiplied
by 21 to facilitate comparison.
FIG. 8. Number of extrema in Nin˜o-3 SST anomaly (vertical axis)
as a function of the value at the extrema (horizontal axis), for both
positive (dashed) and negative (solid) phases of the decadal vari-
ability. Bin size is 0.258C.
1 yr, with the sense being that the South Pacific leads
the equatorial Pacific. Using observations over the pe-
riod 1945–93, the correlation is 20.68.
Considering first the North Pacific compared to equa-
torial Pacific (top panel), the two SST time series covary
until model year 95, at which point the coherence be-
tween the two is abruptly lost (except, possibly, between
model years 125 and 135). In the South Pacific Fig. 7b,
the two series covary except for the period between
model years 25 and 50. One possible explanation for
this behavior is that there is a mechanism coupling the
three regions on a decadal timescale that, however, does
not act equally at all times in every locale. So, for ex-
ample, during model years 11–20, 50–95, and 125–135,
the SST anomaly in all three regions is changing with
a fair degree of synchronicity. However, during years
20–50 the equatorial and North Pacific SST anomalies
evolve together, while during years 95–145 the equa-
torial and South Pacific SST anomalies evolve together.
The reason for this apparent nonstationarily in the re-
lationship is the subject of current research.
The relationship between the model’s El Nin˜os and
the decadal signal can be examined by comparing the
amplitude of SST anomalies averaged over the Nin˜o-3
region with an index of the Pacific decadal signal. For
the decadal index we use the principal component (PC)
of the EOF shown in Fig. 4. Figure 8 shows the prob-
ability distribution of peaks in Nin˜o-3 SST anomaly as
a function of the sign of this decadal index (positive
values of the index indicate central North Pacific con-
ditions warmer than average). Peaks are defined as local
extrema in Nin˜o-3 SST anomalies that have magnitude
.0.258C, and are either greater (for positive peaks) or
less than (for negative peaks) all other values in an 20-
month window, using 20-month low-pass filtered data.
The window size of 20 months was selected as the de-
correlation timescale on the basis of the autocorrelation
function. There is a consistent shift such that the warm
tropical events (El Nin˜os) tend to be warmer during the
negative phase of the decadal variability (cold in the
central North Pacific), and some suggestion that cold
events (La Nin˜as) tend to be colder during the positive
phase of the decadal variability. A two-sample Kol-
mogorov–Smirnov test (Press et al. 1989) can be used
to determine whether the distributions as a function of
decadal phase are statistically different. The probability
that the distributions for warm events are actually drawn
from the same distribution is 0.03; for cold events, 0.12.
Thus, the enhancement of El Nin˜os when the central
North Pacific is cold is a more consistent effect than
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the enhancement of La Nin˜as when the central North
Pacific is warm.
In summary, the ECHO-2 model shows statistically
significant correlations between extratropical and trop-
ical regions. This includes a relationship between cold
decadal SST anomalies in the North Pacific and tropical
Pacific warm events. However, this is subject to the
qualification that there are extended periods when the
relation between either the north or south extratropics
and the equator is strong, and shorter intervals when
the relationship is weak.
4. Propagation along isopycnals
The previous section demonstrated that the ECHO-2
model shows significant correlations between the mid-
latitude and Tropics. It could be imagined that one rea-
son for this is that temperature anomalies are formed
by air–sea interaction in the midlatitudes, then subduct
and propagate westward and equatorward. Such prop-
agation has been shown to occur in the North Pacific
(Deser et al. 1996) and suggested as a important cou-
pling mechanism for tropical–midlatitude climate var-
iability (Gu and Philander 1997). However, in a recent,
comprehensive study, Schneider et al. (1999) concluded
that thermal anomalies south of 188N arise from local
forcing rather than the propagation of midlatitude anom-
alies. Nevertheless, we examine this mechanism here
with the longer ECHO-2 time series, using analysis
along isopycnal surfaces.
The procedure used was as follows. First, the three-
dimensional density field was computed at each month.
Then, the depths of selected isopycnals (s 5 22.0 to
28.0 by 0.5, then 29.0, 30.0, 32.0, 34.0, 37.0, 40.0, and
44.0) were calculated at every grid point and every
month, using cubic spline interpolation between vertical
levels. Temperature and salinity were subsequently pro-
jected onto the monthly isopycnal depths, again using
cubic spline interpolation. Results on the s 5 25.5 and
26.0 isopycnals are shown here. These particular iso-
pycnals were chosen for the analysis because they out-
crop in the midlatitude region of interest. Unlike the
other figures, Fig. 9 was computed using time-averaged
rather than monthly isopycnals. This was done so that
the effect of using time-averaged isopycnals could be
determined. A direct comparison shows that using time-
averaged rather than monthly isopycnals makes little
difference.
Propagation of anomalies along time-averaged iso-
pycnals can easily be discerned in the ECHO-2 run. For
example, Fig. 9 shows a (positive) salinity anomaly mov-
ing along the s 5 26.0 isopycnal. The anomaly is first
visible just south of the outcrop line, at about 328N. It
then propagates south and west, in agreement with ven-
tilated thermocline theory (Luyten et al. 1983), reaching
the western boundary at about 108N [such behavior was
described by Lu and McCreary (1995) as arising from a
potential vorticity ‘‘ridge’’ associated with the intertrop-
ical convergence zone]. After that, the shear associated
with the western boundary current makes the signal dif-
ficult to trace as a coherent entity, despite the fact that
flow is toward the equatorial waveguide.
Examination of the entire run shows that this is typical
behavior in the ECHO-2 model; most anomalies follow
such a track to the western boundary. Anomalies that
form farther to the west are more likely to head north
after reaching the western boundary (as found in Gu and
Philander 1997), while those forming farther east or south
sometimes move south along the west coast of North
America, then reach the equatorial regions directly. An
illustration of this behavior is shown in Fig. 10. Shown
is a sequence of lagged correlation maps of temperature
anomaly on the 25.5 isopycnal, referenced to two time
series: one in the North Pacific subduction region cen-
tered at 338N, 1388W, and one in the South Pacific sub-
duction region centered at 358S, 908W. (Contours from
the two time series are overlaid on the same plot for
conciseness but were computed independently.) The pre-
dominate behavior is for temperature anomalies to spread
equatorward along the west coast of the Americas and
then westward. In the Northern Hemisphere, two paths
then become evident. 1) A tendency to travel almost
directly west at 108N, as seen in the salinity anomaly of
Fig. 9. This signal then gets recirculated northward along
the western boundary, as can be seen at year 10. 2) A
tendency to spread farther south along the coast and enter
the tropical region directly. The bottom left panel of Fig.
10 shows these two destinations most clearly. In the
Southern Hemisphere, the anomaly moves directly to-
ward the equator, but the correlation drops below 0.2
after 8 yr; all the contours at model year 10 are from the
Northern Hemisphere source region.
Dissipation of the thermal anomalies during the tran-
sit from midlatitudes to Tropics (Fig. 11) was assessed
by contouring the amplitude of thermal anomalies along
the curved path they tend to follow, based on the data
in Fig. 10. Although there were two large midlatitude
thermal anomalies in model years 80–90 that rapidly
extinguished, with virtually no information surviving to
propagate to the Tropics, this was the exception rather
than the rule. Near model years 35, 50–70, 100, and
130, thermal anomalies formed in the midlatitudes and
propagated from 308 to 128N with a diminution of am-
plitude typically less than 25%. This is consistent with
the decrease in amplitude found in observed data
(Schneider et al. 1999). We therefore conclude that the
model does not unrealistically diffuse away information
during this propagation.
The possibility for information to travel along iso-
pycnals from the midlatitudes to the tropical regions
having been demonstrated, it remains to examine wheth-
er this is a plausible mechanism for the tropical–mid-
latitude correlations shown in section 3. In this regard
we will consider two questions: 1) are there phase shifts
in activity between the Tropics and midlatitudes that are
consistent with an isopycnal transport time of 7–10 yr,
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FIG. 9. (a)–(h) A sequence of contours of salinity anomaly (psu) on the s 5 26.0 isopycnal, with 1-yr
lapse between frames.
as found here and in observations by Schneider et al.
(1999)? 2) Is the amplitude of the transported signal
sufficient to explain the variability?
Considering first the question of phase lags, Fig. 12
shows the lagged correlation between the curves of Fig.
7; the solid line is the lagged correlation between the
North Pacific and the equatorial Pacific (top two curves
of Fig. 7), and the dashed line is the lagged correlation
between the South Pacific and equatorial Pacific (bottom
two curves of Fig. 7). The North Pacific relation has its
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FIG. 10. (a)–(f ) Lagged correlation maps of temperature anomaly on the s 5 25.5 isopycnal with two temperature
anomaly time series (indicated by the dots): one at 338N, 1388W, and one at 358S, 908W. There are two years between
frames. Values greater than 0.2 are contoured, with an interval of 0.1. The Northern and Southern Hemisphere calculations
were done separately but are shown here on the same maps for conciseness.
FIG. 11. Contours of temperature (8C) along the 25.5 isopycnal, as a function of model year,
along the curved path that such anomalies tend to follow in moving from the midlatitudes to the
Tropics. Contour interval is 0.18C.
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FIG. 12. Lagged correlation between North Pacific (338N, 1388W)
and equatorial (08, 1608W) SST anomalies (solid), and South Pacific
(298S, 1058W) and equatorial (08, 1608W) SST anomalies (dashed).
Positive lags mean the midlatitudes lead the Tropics.
FIG. 13. Standard deviation (8C) of temperature anomalies along
the depth-averaged s 5 25.0 isopycnal.
extrema at a lag of 0 yr, with a value of 20.63. Note
that there is a lesser, marginally significant peak (0.53)
at a shift of 7 yr, which suggests that isopycnal advection
may be having some influence in the Northern Hemi-
sphere, although at a weaker level than the process ef-
fecting the simultaneous correlation. This lesser peak
was further examined by computing the lagged corre-
lation between the same North Pacific SST index and
the full three-dimensional temperature field, at lags of
220 to 120 yr. These fields showed no evidence that
a region of positive correlation, representing the sig-
nature of an advected thermal anomaly, propagates be-
neath the surface from the midlatitudes to the Tropics
and subsequently upwells. It appears instead to be a
surface phenomena and is currently being investigated.
The Southern Hemisphere has its extrema at a lag of
1 yr (such that the South Pacific leads the Tropics), with
a value of 20.70. The peak at a shift of 7 yr in this
hemisphere is only 0.33 and is not significant. The
lagged surface correlations, then, show that the strongest
linkage between the (northern and southern) midlati-
tudes and tropical Pacific SSTs on the 10–40-yr time-
scale occurs with a delay of no more than one year,
which rules out advection along isopycnals for this
mechanism.
Considering now the question of the amplitude of
the transported anomaly, Fig. 13 shows the standard
deviation of 10–40-yr bandpassed temperature anom-
alies on the s 5 25.0 isopycnal. Only the Northern
Hemisphere is shown, given the discussion above. The
general impression is consistent with the propagation
of anomalies as previously described, with lines of
constant standard deviation roughly coinciding with
the northeast to southwest track of advected anomalies.
Note, however, that values drop rapidly once south of
108N, reaching a minimum of less than 0.058C on the
equator. One possible explanation for this is that anom-
alies that enter the western boundary current system
lose their amplitude due to shear-induced mixing. Ex-
amination of individual time series along advection
paths on the isopycnal (not shown) confirms this time-
independent view; that is, the amplitude of individual
anomalies drops by a factor of 2 to 4 between 108N
and the equator.
The small amplitude of advected anomalies by the
time they reach the Tropics (a two-standard-deviation
signal would be in the range of 0.18–0.28C) suggests
that it would be difficult for them to have a strong effect
on the evolution of tropical winds. Balanced against this
is the fact that the wind response in the Tropics tends
to amplify initial perturbations, but there is no obser-
vational evidence to suggest that such small temperature
signals would have a discernible wind response.
In sum, the ECHO-2 model shows that the strongest
link between midlatitudes and tropics occurs with a de-
lay of no more than one year. This rules out advection
along isopycnals being a cause of decadal modulation
of the ENSO cycle.
5. Connections via wave propagation
It is known from observations that at subannual fre-
quencies, the Tropics and midlatitudes are linked along
the eastern boundary by the propagation of coastally
trapped Kelvin waves, which travel from the Tropics to
the midlatitudes with phase speeds of 0.6–1.0 m s21
(Enfield and Allen 1980). Additionally, evidence from
OGCMs suggest that similar signals can travel from the
midlatitudes to the Tropics along the western boundary
in the North Pacific (Lysne et al. 1997). We consider
here whether either of these mechanisms can explain
the decadal correlations found in ECHO-2.
a. Poleward propagating coastally trapped waves
The model does, in fact, have an analog to poleward
propagating coastally trapped waves. The top four pan-
els of Fig. 14 shows the propagation of these, expressed
as positive values of lagged correlation of basinwide sea
surface height (SSH) anomaly with respect to an SSH
time series centered on the equator at 1108W. There are
two months between each frame. Figure 14 is based on
monthly values high-pass filtered to retain only periods
shorter than 3 yr; the motivation for this is to isolate
the signal of interest, known from the observations to
be relatively high frequency. Note that even the rela-
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FIG. 14. (a)–(d): Lagged correlation between a time series of SSH anomaly centered on the equator at 1108W and
subsequent SSH anomalies. There are two months between each panel. Only positive values are shown. (e)–(h): SSH
anomalies from observations during an El Nin˜o episode.
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FIG. 15. Lagged correlation (model years) between heat content
anomaly in the North Pacific and eastern equatorial region. Positive
values indicate that the North Pacific leads the Tropics.
tively weak correlations shown in Fig. 14 are significant,
because of the large degrees of freedom (monthly data,
and an autocorrelation timescale of 5 months, give ;200
degrees of freedom). The lower four panels of Fig. 14
show positive values of sea surface height anomaly as
measured by TOPEX/Poseidon, starting in October
1997 during a strong warm event. Note that these are
not lagged correlations, as in the upper four panels, but
rather sea surface height anomalies (mm) evolving dur-
ing a particular warm episode.
During the months shown in Fig. 14, initial SSH
anomalies in the tropical Pacific can be seen to prop-
agate poleward along the west coast of the Americas.
In the Northern Hemisphere, the signal reaches 328N
after 2 months; by 4 months, 408N; and by 6 months,
the Gulf of Alaska. The speed of propagation in the
model is 0.4–0.6 m s21, distinctly slower than observed
(Enfield and Allen 1980). Note how in the observed
panel 4/1998 in Fig. 14, the signal appears to have com-
pleted its propagation along the west coast of North
America, while the model still has a west coast signal
clearly visible after six months.
In both the model and the particular observed event
illustrated in Fig. 14, the propagating signal moves rap-
idly westward at about 108N after four months. In the
model this signal is roughly symmetric about the equa-
tor. Less symmetry can be seen in the observations,
where the northern expression dominates. Whether this
disagreement is due to a problem in the model or due
to variability between different warm events is not
known.
The fact that ECHO-2 has anything resembling the
coastally trapped waves might be considered surprising,
since the length scale of such waves is about 50 km
(Gill 1982), and the distance between model grid points
is generally over 100 km. Obviously, the waves are not
going to be reproduced in detail, and from Fig. 14 it
can be seen that the width of the propagating signal is
much wider than 50 km.
Although the model has an analog to coastally trapped
waves, this signal contains no expression in SST anom-
aly. Lagged correlations analogous to Fig. 14 for SST
(not shown) have no sign of a concomitant SST signal
that propagates in a fashion similar to the SSH signal.
Therefore, the data do not support the idea that corre-
lations in SST between the Tropics and midlatitudes are
accomplished via this mechanism.
b. Equatorward propagating Kelvin waves
Lysne et al. (1997, hereafter LCG), using an OGCM
assimilating data in the extratropical regions, found ev-
idence that central North Pacific thermal anomalies
propagate westward as long Rossby waves, then equa-
torward as coastal Kelvin waves, and then along the
equator as Kelvin waves. Indices of heat storage anom-
alies (their Fig. 1) showed evidence of a feature prop-
agating from the midlatitude Pacific to the equatorial
Pacific with a timescale of 4–5 yr, distinctly faster than
the isopycnal transport timescale of ;10 yr.
This mechanism does not seem to be strongly active
in the ECHO-2 run. Figure 15 shows the lagged cor-
relation coefficient between time series of heat content
anomaly in the North Pacific (208–408N, 1708–145W)
and the eastern equatorial region (58S–58N, 1808–
808W), both taken to a depth of 370 m and filtered to
remove periods less than 3 yr (as per LCG). The struc-
ture is asymmetric, such that positive (negative) lags
have positive (negative) correlations, with a broad peak
at around 15 yr. This suggests that thermal anomalies
do indeed propagate from the North Pacific to the Trop-
ics. However, the magnitude of the correlation (,0.20)
is not statistically significant.
These results might differ from those in LCG because
of model factors, such as different OGCM character-
istics or the longer run used here (137 vs 38 yr). The
differences might also be due to the degradation of a
propagating signal by tropical variability, since LCG
intentionally used only climatological forcing in the
Tropics, while ECHO-2 produces realistic variability in
the region (section 3). LCG note that their results sug-
gest that processes not related to advection from the
midlatitudes can have an important effect on tropical
warming/cooling as well, a finding consistent with the
results shown here and in Schneider et al. (1999).
In summary, while ECHO-2 shows some evidence
for wave propagation both from the Tropics to the mid-
latitudes and vice versa, neither appears to be causing
the statistically significant correlations shown in section
3. The small horizontal scale of, for example, coastally
trapped waves (;50 km) compared the model’s reso-
lution (;100 km) suggests that they can be represented
only with distortion; in fact, they are found to have a
propagation speed only one-half that observed. This
does not change our conclusions—that the model’s wave
processes, albeit poorly represented, are not causing the
model’s demonstrated connections between the Tropics
and midlatitudes—but does leave open the possibility
that such waves might play additional roles in the real
ocean. The ECHO-2 model is a tool that should be used
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FIG. 16. Difference in SST between points in the North Pacific
at 408N, 1708W, and 208N, 1708W. Data have been 10–40 yr band-
passed.
FIG. 17. Correlation maps between a North Pacific SST index and t x, lagged by various years to cover a 10-yr half-cycle.
There are 2 yr between frames. Contour interval is 0.1; negative values are shaded.
to examine larger-scale phenomena, one of which is
considered in the next section.
6. Midlatitude/tropical connections via the
atmosphere
As the discussion in section 4 pointed out, SST time
series do not show any appreciable time lag between
the tropical and midlatitude variability in the ECHO-2
model (Fig. 7). This suggests that the atmosphere me-
diates the response between the Tropics and extratropics
on decadal timescales, rather than such a link being
accomplished by oceanic transport. In this section we
explore this possibility and show that such an interpre-
tation is consistent with the ECHO-2 dataset.
There are well-known atmospheric links between the
Tropics and midlatitudes on ENSO timescales (e.g.,
Horel and Wallace 1981; Blackmon et al. 1983; Alex-
ander 1992), but less work has examined the issue on
decadal or interdecadal timescales (Trenberth 1990;
Trenberth and Hurrell 1994). No doubt this is partly
because of the relatively short observational record; Pa-
cific basinwide SST and wind stress datasets include
only a few realizations of a decadal event. Thus, the
137-yr ECHO-2 dataset can play a valuable role in di-
agnosing this kind of relation.
To begin with, we note that ECHO-2 has a repetitive
cycle of ocean–atmosphere interaction in the North Pa-
cific similar to that described in Latif and Barnett (1994,
1996). This can be demonstrated in a number of ways;
here we show a series of lagged correlation maps be-
tween an index of North Pacific SST anomaly variability
and the zonal wind stress, t x. The index we take is the
difference in SST anomaly between a box in the North
Pacific centered at 408N, 1708W, and a box centered at
208N, 1708W (shown in Fig. 16). We chose to use this
simple index rather than the PC of a basinwide EOF so
that it would be clear that the correlations are locally
valid in the North Pacific. The motivation for choosing
t x will be discussed further below.
Figure 17 shows the correlation between the SST in-
dex and t x at various lags over a 10-yr period, during
which time the state of the North Pacific climate system
reverses. In the first figure of the sequence (top left),
the sense of the cycle is such that there is anomalously
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FIG. 18. Correlation between the leading PC of DJF North Pacific
SST anomaly and t x. For the (a) model and (b) observed over the
period 1965–93. Data have been filtered to remove periods less than
10 yr.
FIG. 19. Correlation between the leading PC of 10–40-yr band-
passed DJF North Pacific SST anomaly and the depth of the 208C
isotherm.
positive t x north of 408N and negative t x to the south.
As time progresses, this region of positive anomaly
slides eastward toward the coast of North America, then
abruptly expands across the basin to the west. At the
same time, the region of negative anomalies rotates to
the north and east. The final effect is that by the time
of the last frame (lower right), the situation is reversed
from that at the beginning of the sequence.
The variable t x was chosen because it plays a role in
the connecting the midlatitudes and the Tropics, and
close to the equator it has a direct effect in forcing
oceanic variability. To show this connection, Fig. 18
presents the simultaneous correlation between the lead-
ing PC of low-pass filtered North Pacific SST anomaly
(calculated northward of 108N only) and t x, for both
the model and observations. The result shows only weak
sensitivity to the exact lower-latitude cutoff used, over
the range 108–308N. Note that, for the observations, the
series length (30 yr) is short for considering decadal
fluctuations. Wintertime (DJF) values are used, because
that is when the North Pacific variability has its clearest
expression in SST and sea level pressure (SLP) (Latif
and Barnett 1994, 1996); this may be because of the
‘‘Stommel daemon’’ effect (Stommel 1979), which has
been suggested to be a important part of generating
midlatitude variability on decadal timescales (Goodman
and Marshall 1999).
In both the model and observations, the region of
positive correlation between (decadal timescale) SST
anomaly and t x extends well into the tropical regions,
and has significant expression on the equator. The pat-
terns are different in detail, with the model response
being concentrated more toward the western Pacific, but
the basic pattern in the Northern Hemisphere is similar.
In particular, both the model and observations have a
center of divergence/convergence around 1308W on the
equator. Together with the t x expression in the western
Pacific, this suggests that this wind stress pattern could
affect the slope of the equatorial thermocline by pump-
ing up in the east and down in the west, or vice versa.
Such modulation in the slope of the thermocline could
have an effect on the resulting ENSO processes in the
ocean, as consistent with the results of Kirtman and
Schopf (1998). Note that the relation between the de-
cadal phase and the amplitude of warm/cold events seen
in ECHO-2 (Fig. 8) is congruent with this interpretation.
This idea can be tested even more directly by looking
at the correlation of the depth of the 208C isotherm with
the same North Pacific SST PC. The result (Fig. 19)
shows that indeed the two are correlated in the sense
suggested above, such that the overall slope of the ther-
mocline across the basin fluctuates in concert with North
Pacific SST anomaly. Vertical excursions in the (yearly
averaged) depth of the 208C isotherm associated with
the decadal variability are modest, in the range of 62
m; however, this is comparable to excursions from
ENSO activity, which are about 65 m in the model.
In sum, data from the ECHO-2 model supports the
idea that the near-simultaneous relationships between
the midlatitudes and Tropics found on decadal time-
scales occurs via the intermediary of the atmosphere.
Variability in North Pacific SST is strongly related to
changes in t x that are both local and extend into the
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FIG. 20. Canonical correlation analysis of SST anomaly and zonal wind stress anomaly, for both model (left column) and observations
over the period 1965–93 (right column). Upper panels show the SST pattern that predicts zonal wind stress (lower panels). Data have been
10–40-yr bandpass filtered.
tropical regions. These changes in t x are, in turn, related
to changes in the east–west slope of the thermocline
across the equator. Since the slope of the equatorial
thermocline can affect the ENSO process (Kirtman and
Schopf 1998), this leads to a link between decadal-scale
midlatitude SST variability and changes in ENSO var-
iability, a link that is borne out in the model (Fig. 8).
The question of causality—whether the midlatitudes ini-
tiate the change, which is then felt in the Tropics, or
vice versa—will be discussed in the next section.
7. Discussion
The results from sections 3–5 show that the strongest
link between the Tropics and midlatitudes on decadal
timescales is communicated near-simultaneously via
changes in surface wind stress. Changes in North Pacific
SST are associated with changes in t x, which in turn
are associated with changes in the east–west slope of
the equatorial thermocline. However, this does not es-
tablish causality by itself; do the midlatitudes force the
Tropics, or vice versa?
This question has been addressed previously when
looking at shorter timescale phenomena (Horel and Wal-
lace 1981; Barnett 1981; Hoskins and Karoly 1981),
where it is generally found that the Tropics force the
midlatitudes. Here, however, we are concerned with
timescales of a decade or longer, which those studies
did not consider.
To approach this question we performed a canonical
correlation analysis (CCA) on DJF data from both the
model and observations, using SST as the predictor and
t x as the predictand. Unlike the correlation map shown
in Fig. 18, which was constructed by explicitly choosing
a North Pacific SST index to correlate to, the CCA does
not impose any preconceived ideas of what or where
the relationship should be (beyond the fact that we used
10–40-yr bandpassed data). The result are shown in Fig.
20. The lead predictor, in both the model and obser-
vations, is the SST pattern associated with the North
Pacific decadal variability. The pattern has weak ex-
pression in the Tropics but is clearly a true basinwide
pattern with maximum energy in the midlatitudes. The
associated pattern of t x is similar to Fig. 18, with a
strong expression in the central North Pacific and a lobe
that reaches to the equator. This suggests the midlatitude
decadal SST anomalies, found by Latif and Barnett
(1994, 1996) to evolve independently of low-latitude
conditions, force a change in the trade wind system that
is felt in the Tropics.
Of course, the question of causality cannot be com-
pletely answered with an inherently coupled model. Ide-
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ally, it would be addressed by regionally altering the
coupled GCM’s atmosphere–ocean coupling and seeing
what effect that has. A similar, but uncoupled, approach
was taken by Latif and Barnett (1994), who applied a
North Pacific SST anomaly similar to that shown in Fig.
4 as the lower boundary condition to an (albeit different)
atmospheric GCM (AGCM). All SSTs south of 208N
were set to zero in the experiment so that there would
be no effects from the Tropics. The resultant SLP anom-
aly was, therefore, clearly produced by extratropical
SST and included an expression of t x in the western
Tropics similar to that found here (Fig. 18), although
weaker and different in details. This suggests that the
correct interpretation of the CCA analysis is that mid-
latitude SST anomalies are forcing the t x changes that
lead to decadal modulation of tropical SST variability.
8. Conclusions
We have investigated the mechanisms connecting the
Tropics and midlatitudes in the Pacific basin on decadal
timescales using a 137-yr run of a fully coupled ocean–
atmosphere general circulation model, ECHO-2, and ob-
servations where available. ECHO-2 has some limita-
tions relevant to the question investigated here that
should be kept in mind. First, the OGCM’s resolution
is not sufficient to accurately model coastally trapped
waves, which might carry information between the
Tropics and midlatitudes in a way that is not accurately
simulated in the model. Second, the model’s represen-
tation of the subpolar gyre is weaker than observed,
which should be taken into account when considering
the relative roles of the subtropical and subpolar gyres
as deduced from these results. Taking these into account,
our conclusions are as follows.
1) There are significant correlations between low-fre-
quency activity in the midlatitudes and Tropics, for
example, between SST anomalies in the central
North Pacific and on the equator. Cold conditions in
the central North Pacific are associated with stronger
El Nin˜os. There is a less consistent association be-
tween warm conditions in the central North Pacific
and stronger La Nin˜as.
2) The correlations between the midlatitudes and Trop-
ics are strongest at time lags of one year or less.
Therefore, we conclude that they do not arise from
oceanic advection along isopycnals, as that would
impose a 7-yr time lag between cause and effect.
3) Midlatitude SST anomalies are strongly correlated
with changes in t x. The correlation pattern of t x
includes expression in the Tropics, such as would be
associated with a change in the east–west slope of
the equatorial thermocline, and is seen in both the
model and observations. A direct check shows that
midlatitude SST anomalies are correlated with
changes in the slope of the equatorial thermocline.
We conclude that the near-simultaneous link between
the midlatitudes and Tropics is effected via changes
in surface wind stress.
4) Results from a canonical correlation analysis of both
the model and observations, and previous work forc-
ing an AGCM with a ‘‘Pacific decadal oscillation’’-
type SST pattern, suggest that the causality is as
follows: midlatitude SST anomalies directly force an
atmospheric pressure response that includes surface
stress anomalies in the equatorial region, thereby
forcing changes in the slope of the equatorial ther-
mocline. This provides a mechanism whereby North
Pacific processes could modulate the ENSO signal.
This causality needs to be confirmed by further nu-
merical experimentation.
Finally, note that the three hypothesis considered
here—advection along isopycnals, wave propagation,
and atmospheric connections—are not mutually exclu-
sive, and in fact all three are present in the model. Our
findings therefore suggest that in a system where all
three are operating, and in the presence of realistic levels
of decadal midlatitude variability as well as ENSO var-
iability, the atmospheric connection dominates.
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In this appendix are presented some selected illustra-
tions of the ECHO-2 climatology for the Pacific ocean,
the region of interest here. Other information can be
found in Frey et al. (1997), who present, for the tropical
Pacific, ECHO-2’s annual mean fields for SST, precip-
itation, net surface heat flux, zonal and meridional wind
stress, and net surface solar radiation, as well as equa-
torial sections of temperature and zonal currents.
a. Currents and streamfunction
A vertical section of zonal currents along the equator
is shown in Frey et al. 1997. Here, we show time-av-
eraged velocity vectors at 15-m depth (Fig. A1) for the
ECHO-2 model, and from observations (Reverdin et al.
1994) over the period 1987–92. The large-scale pattern
of tropical currents in ECHO-2 is similar to that ob-
served. The westward-flowing South Equatorial Current
(SEC) extends from about 38N to 88S, with a distinct
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FIG. A1. Velocity vectors at 15 m from (a) ECHO-2 and (b) observations (from Reverdin et al. 1994) over the period
1987–92.
minimum on the equator and currents in the range of
0.5 to 0.6 m s21, somewhat stronger than those observed
(0.4 to 0.5 m s21). The model’s SEC extends too far to
the southwest compared to the observations, however;
possibly this is related to flow associated with the cold
tongue, which extends too far to the west in the model.
A South Equatorial Countercurrent can be seen in
ECHO-2 at about 108S, but only rather indistinctly in
the observations. In ECHO-2, the North Equatorial
Countercurrent (NECC) extends from about 48N, 1308E
to 88N, 1108W, with peak velocities of about 0.35 m
s21. This is comparable in strength to the observations,
which also have peak velocities of about 0.35 m s21,
but the NECC does not penetrate as far to the east in
the model (1108W) as it does in observations (908W).
The model’s North Equatorial Current extends from
about 108 to 148N, with peak currents of 0.3 to 0.4 m
s21, again somewhat stronger than those observed
(about 0.25 m s21).
The time-averaged mass transport streamfunction is
shown in Fig. A2. Transport in the Kuroshio is about
45 Sv (Sv [ 106 m3 s21) on average, in good agreement
with observed values, which suggests a transport that
varies seasonally between 38.5 and 46.5 Sv (Taft 1972).
The subpolar gyre, however, is distinctly underrepre-
sented, with typical transports of 2–4 Sv.
b. Sea surface height
Time-average SSH for ECHO-2 is shown in Fig. A3,
along with that observed by TOPEX over the period
October 1992 to February 1995. (An offset of 1.0 m
has been added to the ECHO-2 data to make the zero
lines similar in ECHO-2 and the observations, for easier
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FIG. A2. Mass transport streamfunction for the ECHO-2 model.
Contour interval is 5 3 106 m3 s21.
FIG. A4. Section of sea surface height along the date line for the
ECHO-2 model.
FIG. A5. Time-average temperature along the date line (a) from
the ECHO-2 coupled model and (b) observations (Levitus 1994).
Contour interval is 2.58C.
FIG. A3. Contours of mean sea surface height for (a) ECHO-2 and
(b) observed from TOPEX over the period October 1992 to February
1995. Contour interval is 0.1 m.
comparison.) The features associated with the tropical
current system are clearer in ECHO-2 than in the ob-
served dataset, although note the short time period of
the observations (29 months). The sea level drop across
the model’s western boundary current region is about
0.8 m, similar to that seen in the TOPEX data. Also,
the sea level difference between the eastern and western
Pacific is similar in ECHO-2 (0.5 m) to the observations
(0.5 m), although the slope is more regular in ECHO-2.
Note, however, that the subpolar gyre is poorly repre-
sented in the model, with a relatively bland SSH field
in the northwest Pacific with minimum of about 20.2
m, versus twice that in the observations.
A section of SSH along the dateline is shown in Fig.
A4. The local minimum at the equator, associated with
divergent flow in the meridional plane, can be seen
along with the local maximum at 58N associated with
convergent meridional flow. The slope down to the min-
imum at 98N, associated with the NECC, is clearly dis-
tinguishable.
c. Temperature transect
Figure A5 shows time-averaged temperature along
the date line from the ECHO-2 model and observations
(Levitus 1994). The temperature structure in the sub-
polar North Pacific north of 358N is suggestive of too
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FIG. A6. Surface time average salinity from (a) the ECHO-2 cou-
pled model and (b) observations (Levitus 1994). Contour interval is
0.5 psu.
FIG. A7. Time-average salinity along the dateline from (a) the
ECHO-2 coupled model and (b) observations (Levitus 1994). Contour
interval is 0.25 psu.
FIG. A8. Climatological mixed layer depth in the central North Pa-
cific for ECHO-2 (solid) and observations (dashed).
much vertical mixing, but the structure near the equator,
including an upward lifting of the isotherms near 108N
and the vertical spreading of the isotherms on the equa-
tor, is similar to that observed. Note that both the ob-
servations and the ECHO-2 data are averages over long
time intervals, which will tend to blur finescale features.
d. Salinity
Figure A6 shows average surface salinity from the
ECHO-2 run and from observations (Levitus 1994), for
comparison. Salinities tend to be elevated in the model,
especially in the subpolar North Pacific north of 408N,
where the halocline is weaker than observed. This can
be seen in Fig. A7 as well, which shows a transect along
the date line using the same datasets. Increased vertical
mixing, which could reasonably be expected to go with
the reduced halocline in ECHO-2, might downplay the
importance of the subpolar gyre in the model results
presented here, as compared to the real oceans.
e. Mixed layer depth
Climatological mixed layer depth in the central North
Pacific, averaged over the region 308–408N, 1608E–
1608W is shown in Fig. A8. Also shown are observed
values from the Integrated Global Ocean Services
(IGOSS) mixed layer depth climatology, which was
formed from analysis of the Naval Oceanographic Data
Center (NODC) Global Ocean Temperature/Salinity da-
taset over the period 1955 to 1988 and the Global Tem-
perature–Salinity Pilot Project dataset over the years
1989 to 1994. The phasing of ECHO-2’s response, as
well as the summer and autumn depths, are similar to
observed, but the winter–early spring values in ECHO-2
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FIG. A9. Time-averaged density at 10 m for (a) ECHO-2 and (b)
from observations. Contour interval is 0.5 su units.
FIG. A10. Transect of density along the date line for (a) ECHO-2
and calculated from (b) observed temperature and salinity (Levitus
1994). Contour interval is 0.5 su units.
are typically 50 m too deep. In the context of section
4, which explores the implications of propagation of
thermal anomalies along isopycnal layers from midlat-
itude source regions to the Tropics, this suggests that
ECHO-2’s deeper ventilation might insert a midlatitude
signal into a somewhat greater range of isopycnals, pos-
sibly opening up additional propagation paths between
the model’s midlatitudes and Tropics that do not exist
in nature.
f. Density structure
Density at 10 m is shown in Fig. A9 for ECHO-2
and calculated from observations (Levitus 1994). Model
values in the western Pacific are about 22 su units,
similar to that observed. In the model, densities ramp
up to 25 su units between 308 and 358N, about 58 south
of where they reach that value in the observations. The
subpolar gyre is too dense, with values of about 26.5
su units compared to 25.5 su units in the observations.
Similarly, the equatorial cold tongue is too strong,
reaching 24 su units versus 23.5 in the observations. In
the South Pacific the agreement is good, with model
values increasing from 23 su units at about 218S (vs
208S in the observations) to a value of 25 su units at
308S (approximately the same latitude as observed). A
region with uniform density of between 24.5 and 25 su
units off the coast of Chile is well reproduced by the
model, as is a wedge of low-density water, bounded by
fronts on the north and south, that extends out from the
west coast of Central America.
A transect of density along the date line is shown in
Fig. A10. The undulations in the density surfaces in
ECHO-2 are similar to the observations, with a distinct
bowl shape in subtropical latitudes and a pronounced
ridge at about 108N, but the surfaces tend to be about
50 m too shallow in the model. Comparing this to the
previous figures of salinity and temperature transects
along the date line, this can be seen to be due to gen-
erally elevated salinity in the ECHO-2 run, which is
more pronounced in the Northern Hemisphere than the
Southern Hemisphere.
g. Hindcast SST
Because the mixing parameterization of the ocean
model component of a coupled ocean–atmosphere GCM
must be tuned, the question can arise whether this tuning
has skewed the ocean model to produce apparently re-
alistic SST values—but with an incorrect balance of
processes—in order to compensate for systematic de-
ficiencies in the atmospheric component. While it is
difficult to answer this question definitively, a straight-
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FIG. A11. Correlation between observed and ocean model only
SST anomalies, where the ocean model was forced by observed wind
stresses over the period 1970–85.
forward check is to test the quality of the tuned ocean
model by itself when forced by observed fields. It could
reasonably be supposed that tuning the ocean compo-
nent into an unrelistic mixing regime in order to com-
pensate for systematic AGCM biases would degrade the
quality of an ocean-only simulation. Figure A11 shows
the results of such a test, in which the OGCM is forced
only with observed Florida State University winds (Gol-
denberg and O’Brien 1981) over the period 1970–85,
and the model-evolved SST anomalies are compared to
those observed over the same period. This particular
test is chosen for two reasons: 1) a comparison with
other models is available in Miller et al. (1993), whose
procedures described therein were followed here; and
2) tropical SSTs are sensitive to a variety of effects,
including vertical and horizontal mixing (Barnett et al.
1993) and equatorial wave processes (Philander 1990),
which must therefore be correctly represented for a good
result. Figure A11 shows that the OGCM component
evolves SST anomalies that correlate to those observed
at values greater than 0.7 over a range of the Tropics
from about 1108 to 1708W, with peaks of greater than
0.8 correlation. Computing to Miller et al.’s results, by
this particular measure the OGCM used here is entirely
comparable to the best models tested there. Note that
no midlatitude SST response is expected in this test case
with wind stress forcing only.
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